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INTRODUCTION
The Water Quality Act of 1965 and the adoption of the subsequent
state water quality standards emphasized the general public's concern
for the control of water pollution; for it has become the goal of our
nation to maintain all American waters in a suitable condition for
domestic and industrial supply, for recreation and for other beneficial
uses.

It is for these reasons that many communities have been faced

with the problem of constructing new sewage treatment facifities or
expanding present operations.
The use of stabilization ponds as a means of providing sewage
treatment has been the practice of many small midwestern communities.
However, with the upgrading of water quality standards and/or the
addition.of new industries, many of these communities have been re
quired to improve the treatment of their liquid wastes.

One economical

method of improvement is the addition of an aerated lagoon-located just
ahead of the existing stabilization pond.

Upon notification by the

South Dakota Department of Health to upgrade their stabilization pond
effluent, the City of Volga selected this method of improving their
sewage treatment process.
The agricultural community of Volga, South Dakota, is located in
the east-central portion of the state and had a population in 1970
of 1,030.

Its principal industry is a milk drying plant owned by

Land 0' Lakes Creameries._ During 1970 this plant processed from
275,000 to 350, 000 pounds of raw milk per day to produce butter and
non-fat dry milk.
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The original sewage treatment facility at Volga was constructed
in 1 95 1 and consisted of an Imhoff tank, a trickling filter and a
final settling tank.

However in 1 959, because of increased organic

and hydraulic loadings, the State Department of Health recommended
that the treatment provided by the old facilities be supplemented with
the addition of a stabilization pond.

Acting on this recommendation,

a 3-celled, 21-acre stabilization pond was constructed approxima�ely
one mile east of Volga and in close proximity to the Big Sioux River.
This stabilization pond was also overloaded a short time after
it was put into use, resulting in offensive odors for some distance
around the treatment facility.

These offensive odors and the addi

tional problems created by the city's undersized pumping station and
outfall line, indicated that additional improvements were needed.
Therefore, in 1967 the City of Volga employed a consulting engineering
firm to evaluate the existing system and to recommend these needed
improvements.
A resulting study made by the firm on the effluent of the stabili

zation pond discharging into the Big Sioux River indicated an average
BOD .o f 372 ppm.

This value greatly exceeded the allowable effluent

discharge of 30 ppm as required by the South Dakota Committee on Water
Pollution.

For this reason Volga was instructed by the __ State Depart-

ment of Health to employ some method of treatment that would improve
the effluent BOD being discharged from the stabilization pond to an
acceptable value of 30 ppm or less.

They were also instructed that

before the State Department of Health would approve a request for a
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grant to construct a new outfall line, Volga would have to arrive at
some satisfactory solution for their inadequate waste treatment.
As a solution, the consultant proposed that the City of Volga
construct an aerated lagoon to precede the present stabilization pond.
It was felt that this method of treatment would provide Volga with an
economical and practical answer to their treatment needs.

However,

the State Department of Health did not feel that the treatment provided
by the aerated lagoons would be satisfactory in a Northern climate and
therefore were reluctant to authorize approval of their use.

Neverthe

less, the Health Department did grant the City of Volga a conditional
approval for the construction of the aerated lagoons.

This approval

was granted with the stipulation that the city would provide operation
al data for a period of one year to be used by the Department of Health
in an evaluation of the treatment provided by the facilities.
The Civil Engineering Department at South Dakota State· University
became involved in the aerated lagoon project during the planning
stage.

This involvement was necessitated because of the lack of infor

mation regarding design and operational data for an aerated lagoon
treating combined domestic and dairy wastes in South Dakota.

In an

attempt to provide these needed data, Vanden Hoek, a sanitary engineer
ing graduate student at the University, conducted a pilot plant study
concerning the aeration of Volga's untreated wastes.

The data obtained

during the pilot plant study provided much of the information required
for the design of the full scale aerated lagoons.

Construction of the

aerated lagoons was then initiated and full time operation began in
August of 1970.
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The purposes of this study were:
1.

To obtain operational data to be used by the South
Dakota Department of Health for evaluating the
effectiveness of an aerated lagoon treating com
bined dairy and domestic wastes in South Dakota.

2.

To determine removal efficiencies and reaction
rate coefficients for the aerated lagoon during
full scale operation.

3.

To evaluate the amount of mixing and the extent
of oxygen distribution occurring in the aerated
cell.

4.

To compare full scale operational data with that
obtained from the pilot plant study made at Volga
in 1968.

\
REVIEW OF LITERATIJRE
Approximately 125 billion pounds of milk are processed per year
in the 40 thousand dairy plants in the United States.

This milk is

produced by more than four million dairy farms and is processed to
supply dairy products to the entire nation.

Even though the present

trend toward larger centralized plants exists, the milk industry
consists of many small plants located near the milk supply.

As these

plants grow in size the waste loads created by them also grow.

There

fore, because of the increased waste load and the additional emphasis
being given to water pollution control, many of these plants are seek
ing economical and practical methods for the treatment of milk wastes.
Aerated lagoons appear to be successful in providing this type of dairy
waste treatment (1).
The first aerated lagoon was developed as a remedial step to
enable a non-aerated lagoon which had become overloaded, to produce
the desired treatment results (2).

The aerated lagoons as known today

are generally defined as a cell of significant depth, usually six to·
twelve feet, in which aerobic conditions are maintained by aeration
with mechanical or diffused aeration devices (3).

The basin is most

often earthen with some type of bank protection to minimize erosion
caused by wave action (2).

The raw wastes are usually added at a point

near the aeration device to facilitate mixing of the raw wastes with
the lagoon contents.

Following aeration the effluent is generally

discharged at a single point over a weir type structure (4-2).
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Considering the amount of organic loading which may be applied to
a treatment facility, aerated lagoons appear to be midway between acti
vated sludge and stabilization ponds as an effective method of aerobic
waste treatment (5-1) .
The cost of constructing an aerated lagoon is about one-half the
cost of a conventional trickling filter system (6) , and considerably
less than that required for an activated sludge plant.

Operating costs

for an aerated lagoon are substantial because of the high rate of
aeration, but the total annual cost, including amortization, is con
siderably less than the cost of equivalent conventional treatment
facilities (1-56) .
As compared with the stabilization pond, which is a common method
of waste treatment in many small communities, McKinney and Benjes
stated that the aerated lagoon has three advantages (4-1) :
1.

It requires less land area.

2.

There is a relatively uniform dissolved oxygen
content throughout the cell.

3.

It is not dependent on sunlight for photosyn
thetic reactions to provide oxygen.

The disadvantages of an aerated lagoon as compared with the
stabilization pond are (4-1):
1.

Operation and maintenance costs are higher due
to the power required for the aeration device.

2.

Large surges in loading have more effect on the
system due to the decreased volume.
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Character of Milk Wastes
One of the most significant characteristics of milk and milk pro
cessing wastes is the extremely large amount of oxygen required to sta
Because dairy products are such a

bilize these wastes aerobically.

high strength waste, their discharge into a stream or lake in an un
treated form, will cause severe degradation of that receiving body of
water.
When milk processing wastes enter the sewer, they contribute
essentially the same ingredients as are present in the natural product,
i. e. , proteins, fats, sugars and traces of other organic materials
The characteristics of various milk,

along with minerals and water.

milk by-products, and milk processing wastes are presented in Table 1.
TABLE 1
Characteristics of Milk, Selected Milk By-Products,
and Milk Processing Wastes (7-326) .

Milk

Whey

(ppm)

Skim
Milk
(ppm)

(ppm)

Process
Wastes
(ppm)

Total Solids

125, 000

82, 000

72, 000

4, 500

Organic Solids

1 17, 000

---

74, 000

64, 000

2, 700

38, 000

39, 000

8, 000

---

102, 500

73, 000

25, 900

1 , 900

Characteristic

Suspended Solids
Protein
BOD, 5-day

Whole

---

---

3, 900
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The amount of protein present in milk can create difficulties V!hen
the milk waste undergoes stabilization.

The protein generally experi

ences two types of degradation depending on the amount of free oxygen
available for the stabilization process.

If the protein is broken down

more or less incompletely under anaerobic conditions, a number of
odoriferous compounds may be formed.

Under aerobic conditions however,

the proteins will break down to relatively odorless compounds (8).
The carbohydrates in milk, principally lactose, are generally
converted to volatile acids when attacked by aerobic bacteria.

These

volatile acids will usually be further broken down to carbon dioxide
and water if aerobic conditions are maintained.

However, if anaerobic

conditions exist, volatile acids will be produced much faster than the
methane bacteria can consume them.

If this situation is allowed to

continue, the excess free acid will depress the p H of the treatment
system to a point at which the activity of the bacteria will be seri
ously inhibited or stopped completely (8) .
Although dairy wastes are high in strength, Steffen concluded that
there are three reasons why milk was especially suited for treatment by
aeration (1).

These reasons include:

1.

Dairy wastes contain no appreciable amounts
of suspended solids.

2.

Dairy wastes are oxidized very rapidly and
can be literally "burned up" aerobically
with little floe formation.

3.

Dairy wastes are generally discharged only
during part of the 24-hour day, leaving
many hours for equalization and extended
treatment of the day's flow.
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The Theory of Oxygen Transfer in� Mechanically Aerated Lagoon
The total amount of oxygen transferred by a mechanical aerator in
an aerated lagoon is dependent upon (5-22) :
1.

The volume of the lagoon.

2.

The oxygen deficit of the waste in the lagoon.

3.

The overall transfer coefficient of the waste.

The volume of the lagoon affects oxygen transfer in that it will
dictate the frequency that the waste being treated will be recirculated
into the "spray zone" area.

It is in this area that nearly 90 per cent

of the total amount of oxygen supplied to an aerated lagoon is trans
ferred.

This type of transfer has been found to exist even when the

surface velocities generated by the aerator are large (9) .

One reason

for this highly localized oxygen transfer that exists in the "spray
zone", is that the rate of diffusion of oxygen through a liquid-air
interface is a maximum at the moment the interface is formed, with a
rapidly decreasing rate of transfer occurring thereafter (10).
The oxygen deficit of the waste serves as the driving force for
the oxygen transfer-through the liquid-air interface.

Therefore, an

increase in the oxygen deficit and/or an increase in the area of the
liquid-air interface will create a subsequent increase in the total
amount of oxygen transferred for a given system .
The overall transfer coefficient of a waste is a function of the
interfacial area of the droplets and bubbles produced by the aerator,
the temperature of the lagoon, and the type of waste being treated.
The interfacial area of a bubble provides the medium through which
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oxygen can be transferred to the waste.

The area of the liquid-air

interface is dependent upon the diameter of the air bubbles formed in
the waste.

For example, a sphere with a volume of one cubic foot has

only 4. 8 square feet of liquid-air interface, whereas one cubic foot
of air in the form of one-tenth to one-eighth inch diameter bubbles
would contain almost 700 square feet of contact area.

According to

Thimsen ( 5 -22) , the temperature of a lagoon affects the overall trans
fer coefficient much in the same way as temperature affects the re
action rate coefficient.

The relationship has been shown to be:

KT = K200 T-20
Where
Kr= overall transfer coefficient at
temperature T, 0c .
K20= overall transfer coefficient at 20 ° C.

e

= temperature coefficient (1. 02 for
mechanical aeration in an aerated lagoon) .

The type of wastes being treated affects what is known as the alpha
factor.

This factor is the ratio of the overall transfer coefficient

of an aeration device operating in a particular waste to the transfer
coefficient of the aerator when it is operating in pure water.

The

value of alpha may vary from 0. 5 to 1. 0 depending on the type of
waste and the method of aeration being used_ ( 5 -22) .
Currently, there is a wide selection of aeration devices avail
able for waste treatment use, however, for aerated lagoons oxygen is
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usually supplied to the waste by one of three types of mechanical
aerators.

These types include the pitched blade surface aerator, the

radial flow turbine or flat blade surface aerator, and the compressed
air aeration system (4-14) .
The pitched blade surface aerator generally has a draft tube which
ext�nds down from the aerator to near the floor of the lagoon.

The tur

bine acts as a low lift pump carrying the liquid up the draft tube to
be "thrown out" from the turbine.

For this reason surface aeration due

to the agitation of the wastes is the principal type of oxygen transfer
in this system.
The radial flow turbine seems to offer the best combination of
mixing and oxygen transfer characteristics.

Generally, the mixing and

oxygen transfer occur near the hydraulic jump which forms at the edge
of the rotor.

Because these aerators can be either fixed or floating,

the unit is very applicable for use in aerated lagoons.
The compressed air system employs strings of pipe or tubing which
are used to distribute air throughout the lagoon.

Mixing and oxygen

transfer is accomplished by the diffusion of air throughout the system.
However, because of the nature of milk to form "milk ·stone", diffusers
used as an aeration device require excessive maintenance to prevent
clogging ( 11) .
',

Of these aerator types, the surface aerating system appears to be
the most popular and economical.

As the most economical operation, the

surface aerators eliminate the need for a blower and blower building as
required for the diffused air system.

In addition, surface aerators
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require less power input to accomplish the same amount of oxygenation
when compared with the submerged turbine or the compressed air aeration
systems ( 10).
However, Busch has stated that there is little difference between
the efficiencies of the various types of aerators during operation
because of the limited range of reaction rates applied to most aerated
systems.

He drew this conclusion on the basis that "The efficiency of

an aeration device or system depends on the rate of transfer per u·ni t
of energy input and is set, in a particular system, by the rate of
biological reaction."

He also remarked that all aeration systems now

in use have the potential of transferring oxygen at a rate that exceeds
most common biological reaction rates (12).
Factors Influencing the Efficiency of� Aerated Lagoon
Reaction Rate Coefficients
An important factor in determining the treatability of a waste in
an aerated lagoon is the reaction rate coefficient.

Thimsen stated

(5-9) that, the BOD removal efficiency treatment for a system is
dependent upon the reaction rate coefficient, detention time, and
lagoon temperature according to the following formula:
Le_
L0

1

1 + Krt
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Where
Le = final effluent BOD, mg/1.
L 0 = influent BOD, mg/ 1.

Kr= reaction rate coefficient at
temperature T, 0 c .
t = aeration time, days.

The reaction rate coefficient or rate of biological oxidation is
also affected by temperature in accordance with the following equation:

Where
Kr

=

K20 =

e

reaction rate coefficient at
temperature T, Oc •

reaction rate coefficient at
temperature 20 ° c.

= temperature coefficient.

This 0 value for aerated lagoons was reported by Thimsen to have a value
of 1.072 (5-5).
Knowing values of the reaction rate coefficient and the desired BOD
removal efficiency at a given temperature, the detention time needed to
accomplish this BOD removal efficiency can be calculated.
are all related as shown in the following formula:

261122
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Where
E = the desired BOD removal efficiency, per cent.

Kr=

reaction rate coefficient.

t = aeration time, days.

Multiplying this calculated value for aeration time by the desired
design flow rate, the volume of the aerated basin can be determined.
Because of its temperature dependence, consideration should also be
given to critical periods during the year such as mid-summer and mid
winter when determining values for the reaction rate coefficient.
Bennett reported that values for the reaction rate coefficient
will vary with the type of waste being treated.

For domestic sewage,

values have been found to range from 0. 3 to 1. 0.

However, for com

bined domestic and industrial wastes, reaction rates are generally
somewhat larger with values as high as 3. 0 having been reported (13).
Vanden Hoek determined a reaction rate of 1. 034 from his pilot plant
study of the aeration of dairy and domestic wastes at Volga (14-29).
Organic Loading
The amount of organic material present in the raw waste has a
great deal of influence on the BOD removal efficiency that will occur
in an aerated lagoon.

Lowthian concluded from his study of aerated

lagoons that the relationship between BOD removal efficiency and the
organic loading on the system (pounds of influent BOD per day) was
more important than the relationship between BOD removal efficiency
and detention time (15-55).
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An organic loading rate of 1. 0 to 10 pounds BOD per day per 1000
ft3 was recommended by Thimsen for an aerated lagoon.

This value may

be contrasted with the maximum loading rate of 0. 15 pounds BOD. per day
per 1000 ft3 for northern area stabilization ponds and 25 to 40 pounds
BOD per day per 1000 ft3 for a conventional activated sludge plant
(5-1).
The highly organic wastes produced by a dairy and discharged to
an aerated lagoon may quickly overload the aerated system if adequate
provisions are not made during the lagoon design.

Porges indicated

that one pound of milk solids (representing about 0. 85 pounds of BOD)
would produce one-half pound of bacterial cells when completely assimi
lated and would require 0. 45 pounds of oxygen in the process.

However

total oxidation, including the endogenous respiration phase, would
require 1. 2 pounds of oxygen (16) .
Concerning the rate at which these cells are oxidized, Kountz
found in his pilot plant studies that the cells are· " burned up" at the
rate of one per cent of the total per hour, or 20 per cent per day
(17).

Temperature
Temperature has an important effect on biological metabolism.
Under normal operating conditions, as temperature increases the rate
of biological metabolism increases and vice versa.

Table 2 includes

data concerning the effect of temperature on the aerated lagoon coef
ficient Kr according to the general formula:
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Where

e =

1.012

TABLE 2

Values of a Reaction Rate Coefficient
Kr at Selected Temperatures (5-15)
Temperature
(o C)

. K y Value

00

10 °

20 °

30 °

0. 05

0 . 10

0. 20

0 . 40

0.10

0. 20

0.40

0. 80

0.20

0. 40

0. 80

1 . 60

Table 2 indicates that for a waste temperature change of 10 ° C,
the reaction rate coefficient changes by a factor of two.

This would

also mean that in order for a given BOD removal efficiency to remain
constant, the detention time would have changed by a factor of two for
each 10 ° C change in waste temperature.

This large increase or de

crease in required detention time for a given temperature change is
due for the most part to the change in the rate of b iological metabo
lism.

Since the rate of metabolism is reduced in cold weather, it
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follows that the oxygen uptake rate will decrease also.

Conversely,

the solubility of oxygen increases as the temperature of· the liquid
waste is decreased.

This means that when the oxygen demand rate is at

a maximum in warm weather, the oxygen saturation level is minimal
(4-12) .

For this reason, the maximum lagoon temperature should con

trol the oxygenation capacity of the aeration equipment, and the
minimum lagoon temperature should control the total detention time
I

required (5-30) .
Freezing temperatures can also affect aeration in that these
temperatures may possibly cause severe icing and mechanical difficul
ties on surface aerators.

Lowthian however, reported no significant

mechanical difficulties with the surface aerators he studied, even
during severe winter conditions when the average effective air temper
ature was a minus 19 ° F (15-54) .
Dissolved Oxygen
Eckenfelder and O' Connor reported that the rate of BOD removal
in an aeration system will not be dependent upon the oxygen concen
tration in the aerated cell as long.as the minimum dissolved oxygen
concentration is greater than 0. 2 to 0. 5 mg/1 (18-45) .

In order to

sustain these min�mum DO values during periods of peak organic loading,
Thimsen recommended maintaining a minimum DO concentration of about 1. 5
mg/1 in the aerated cell (5-20) . · Therefore, if 00 concentrations can
be kept within these ranges, aerobic conditions will be provided.
Under these conditions, by-products of oxidation will be negligible
and acids should not accumulate (19) .
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Detention Time
An increase in detention time will generally bring about a subse
quent increase in BOD removal efficiency in the treatment of dairy
wastes if the detention time is two days or less.

Beyond that time,

organic loading appears to be more of a determining factor.

As an

example, a study made on a plant treating dairy wastes in New Holstein,
Wisconsin, indicated that when using a surface turbine aerator, a 60
per cent BOD reduction was obtained for a 6 hour detention time, an
80 per cent reduction for an 8 hour detention time, a 90 per cent
reduction for a 16 hour detention time, and a 98. 6 per cent reduction
for a 32 hour detention time (20) .

Concurring with this study, Hoover

and Porges reported that 36 hours of aeration were necessary for com
plete oxidation of milk wastes.

They concluded that when the waste

is biologically oxidized, it is rapidly converted into cellular proto
plasm.

The majority of the aeration time is needed for the bacterial

cells to undergo endogenous respiration so as to maintain a more or
less constant sludge concentration.

This equilibrium occurs when the

amount of sludge built up by the formation of new protoplasm is equal
to the amount of sludge destroyed by auto-oxidation.
Experience has shown that this equilibrium is not difficult to
maintain.

In fact, in almost all the aeration processes reported

(extended aeration, 120 hour average aeration time) , removal of excess
sludge had not been necessary because the sludge was completely di
gested before leaving the system (21) .
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Miscellaneous Factors
Large amounts of suspended solids in an aerated lagoon influent
may cause sludge accumulation problems and promote the discharge of
suspended solids in the effluent.

The suspended solids concentration

of the effluent contributes to the organic load discharged from the
aerated lagoon.

Vanden Hoek reported from his study that approximately

67 per cent of the total effluent BOD discharged from the pilot plant
was attributed to suspended solids.

He

also found from his study that

the degree of mixing and the detention time influenced the concentra
tion of suspended solids in the effluent (14-35).
The biological activity in an aerated lagoon is dependent upon
pH .

Therefore, neutralization may be necessary if the biological

system cannot buffer the waste or maintain the pH of the lagoon between·
6. 5 and 9. 5.

Fortunately, the carbon dioxide formed as the end product

of biological activity often serves as a neutralizing agent.

This

neutralization will generally provide an aerated cell with a natural
buffering capacity of nearly one mg/1 alkalinity for each mg/1 of BOD
removed (22) .
There are two distinctly different types of aerated lagoons.
first type of lagoon is defined as an incompletely mixed system.

The
In

this system the turbulence level in the basin is great enough to distribute oxygen throughout the cell, but is not sufficient to maintain
all solids in suspension.

The second type of lagoon is defined as a

completely mixed system in which the aerator provides a uniform dis
tribution of 00 and suspended solids throughout the aerated cell.
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This type of system is much the same as an activated sludge plant
operating without the recycling of return sludge (3).
The advantage of an incompletely mixed lagoon is that the selec
tion of aerators is not dependent upon minimum scouring velocities.
A disadvantage is that organic solids will settle out and therefore
undergo anaerobic decomposition on the bottom of the aerated basin.
This type of degradation of the settled solids may result in opera
tional problems caused by rising sludge and unpleasant odors (4-40).
An advantage of the completely mixed aerated lagoon is that the
organic strength of the effluent BOD is relatively uniform due to the
absence of solids decomposition in the lagoon.

Disadvantages include:

a more temperature sensitive biota is Greated, selection of aerators
must be on the basis of scouring ability, and the amount of effluent
solids might be quite high (3).
One method of determining the adequacy of mixing occurring in an
aerated cell is to compute the aerator HP to lagoon volume ratio.
McKinney and Benjes found in their study of an aerated lagoon that
0. 185 HP per 1000 cubic feet was not adequate power to provide complete
mixing in the system.

As a result, organic solids accumulated on the

bottom of the lagoon and subsequently some operational problems did
occur.

For this reason, McKinney and Benjes recommended that the

use o f. an incompletely mixed aerated lagoon should not be made unless
pilot plant studies show that rising sludge can be controlled or does
not exist.

They also concluded from their study of aerated lagoons

that 0 . 25 HP per 1000 cubic feet appeared to be a valid basis to obtain
complete mixing with a turbin e aerator (4-41) .
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Another method of determining the amount of mixing occurring in
an aerated cell is to measure the liquid velocities generated by the
aeration mechanism.

Busch stated that a minimum velocity of 0. 5 feet

per second was needed to keep biological clumps in suspension.

He

felt however, that a single velocity figure is not adequate to specify
the turbulence conditions in the lagoon, primarily because that at
some point in the agitated waste, the horizontal and/or the vertical
velocity must be zero .

For this reason he indicated that a measure

ment of suspended solids concentrations is needed throughout the
reactor to determine the true mixing ability of the aerated lagoon (12) .
The size and shape of the cell affect the amount of oxygen trans
ferred and the type of mixing accomplished in an aerated lagoon.
Larger volumes have a dampening effect on the turbulence produced by
the aerator, and increased liquid depth tends to decrease the oxygen
transferred per unit volume of liquid .

Cells of increased depth may

cause some sludge accumulation problems whereas, usually sludge decom
position problems have not been encountered where relatively large
shallow basins with sloping side walls have been used (4- 16) .
Thimsen stated that when an unusual quantity of industrial wastes
which are low in nitrogen and phosphorous are included with domestic
sewage in an aerated lagoon, some nutrient chemicals may have to be
added.

Optimum treatment should occur if 4 pounds of nitrogen and

0. 6 pounds of phosphorous per 100 pounds of BOD removed are provided.
In many cases it has been found that for those wastes having a nutrient
deficiency, an addition of nutrients can increase the BOD removal
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efficiency of an aerated lagoon.

For this reason, the addition of

nutrients is becoming more popular as an economical solution to in
creasing BOD removal without having to build a larger lagoon to provide
a longer detention time (5-27) .
Low BOD reductions are caused many times by a carryover of light
and bulky particles.

This type of bulky sludge may �e produced by the

overloading of an aerated cell because of under-aeration or lack of
sufficient time to complete the oxidation process.

A light sludge of

this type can also be produced by an excessive carbohydrate to protein
ratio (23) .
Plant Efficiencies
A review of the literature produced little information concerning
aerated lagoons being used as a method of dairy waste treatment.

One

example was a plant in New Holstein, Wisconsin, where milk and cheese
wastes were aerated with surface turbine aerators to obtain BOD reduc
tions of up to 98. 6 per cent.

The mean influent BOD of the waste was

1500 ppm, the p H ranged from 5. 5 to 8. 25, the detention time was 32
hours, and the air supplied was approximately 400 to 1100 cubic feet
per pound of BOD.

It was also determined in this study that by adding

one more aerated cell in series and by providing a sludge return to the
first aerated cell, a 98 per cent BOD reduction was accomplished using
200 to 450 cubic feet of air per pound BOD with a detention time of
only 7. 7 hours per cell (20) .
In New York, wastes being produced by a dairy processing from
600, 000 to 800, 000 pounds of whole milk daily were being discharged to
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a series of lagoons containing a system o f five sprays.

However , in

an attempt to reduce the organic strength of the l agoon effluent , the
dairy replaced the· five 15 HP spray units with two 5 HP surface aera
tors.

It was found that once the mechanical aerators were put into

operation , they eliminated the odors and l ack of dissolved oxygen that
had previously been associated with the lagoon effluent.

In addition ,

the effluent BOD concentration was lowered from 235 ppm to 25 ppm ,
representing an 89. 5 per cent reduction , and the need for spending
about $2 , 000 per year for chemical nutrients was eliminated (24) .
In Huntley , Illinois , wastes from a 200 , 000 pound per day dairy
were aerated to give a BOD reduction as high as 97 per cent.

However ,

the variation in BOD reduction seemed to be more dependent upon the
condition of the floe in the aerated cell than upon the load applied.
It was found that a heavy , dark tan-colored floe was associated with
high BOD reduction , whereas the light fl uffy floe was apparent when
BOD reduction was low (25) .

Table 3 contains general information re

garding the treatment of milk wastes provided at this plant and other
dairies using aeration with return sludge and final sedimentation.
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TABLE 3
General Information Regarding the Aeration
of Dairy Wastes at Selected Plants (1 9)

Characteristic

Sche11 Dairy Blossom Hill Dean Milk
Chemung,
Germantown,
Dayton,
Illinois
Ohio
Ohio

Dean Milk
Huntley,
I llinois

24-hour flow, (gpd)

4, 40 0

7, 20 0

53, 0 00

15, 0 0 0

Aeration time, (hr)

39. 4

41. 2

14. 7
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Settling time, (hr)

2. 5

3. 2

BOD, raw, (ppm)

567

926

1, 1 50

9 50

BOD removal, (%)

96. 5

96. 5

75 to 85

85 to 97

4. 1

LB

0. 5

0. 6

Air Supplied,
(cfm per lb. BOD)

3. 3

It has also been demonstrated that very high strength milk wastes
may be treated effectively by aeration.

Hoover found from laboratory

experiments that wastes containing up to 10 , 00 0 ppm of skim milk solids
could be aerated with a resulting 75 per cent BOD reduction (26) .
Hauer, however, concluded that much higher BOD removals could be
accomplished with wastes having an average influent BOD of 1000 ppm.
From his studies he reported that BOD reductions approaching 97 per cent
were obtained (19) .
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DESCRIPTION OF TREATMENT FACILITIES AND TEST PROCEDURES
Description of the Sewage Treatment Facilities at Volga
The Volga sewage treatment facilities are located approximately
one mile east of the Volga city limits and in close proximity to the
Big Sioux River.

The facilities, (Figure 1 and Figure 2) , c onsist of

two aerated lagoons with surface turbine aerators and a 3-celled,
21-acre circular stabilization pond .

The sewage reaches the treatment

site by means of an 18 inch diameter outfall l ine.

This line feeds

directly into a Parshall flume located in the c ontrol structure from
which the sewage flow may be directed into either of the aerated
lagoons, both of the aerated lagoons, or in case of emergency, directly
into the stabilization pond.

The Parshall flume allows f or the measure

ment of the total flow c oming into the treatment facility, however, the
flume is not equipped with a continuous flow recording device.
The raw waste is conveyed from the c ontrol structure to the bottom
of the aerated lagoon by means of a pipe which discharges to a point
directly beneath the aerators.

This means of adding raw sewage to the

aerated cell helps to eliminate an excessive amount of short circuiting.
Two aerated cells, whose physical characteristics are listed in
Table 4 and shown in Figure 2, are provided so that detention times
may be varied to compensate for the expected decrease in reaction
rates during winter operations.

To compensate for the effect that

decreased reaction rates would have on the aerated lagoon ' s BOD removal
efficiency, the raw sewage may be directed. into both of the aerated

F igure 1 .

An A eria l Photogra ph Showing the Aera ted La goon s , the
3 -Cel l ed Sta bi l i za ti on Pond , a nd the B i g S i oux River
Near Vo l ga , S ou th Da kota .
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Figure 2 .

A Plan View of the North and South Aerated Lagoons
at Volga, South Da kota.
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cells, thereby increasing the detention time.

However, during summer

operation when the biological activity is greater, the untreated waste
would flow into one aerated cell, thus shortening the detention time
and providing more economical treatment.
Following aeration , the sewage passes over the effluent weir,
returns to the control structure, and then flows to the stabilization
pond where it may be directed into any one of the three 7-acre cells.
While being held in the stabilization pond almost all of the sewage
either infiltrates into the soil or is evaporated.

Because of these

infiltration and evaporation processes, it is only on rare occasions
that sewage actually flows directly from the stabilization pond to
the Big Sioux River.
TABLE 4
Physical Characteristics
of the Aerated Cells
Cell
Location

Side
Slope

Liquid
Depth

hor/}ert

feet

40

2:1

10

30

2:1

10

Volume

Width

Length

gallons

feet

feet

HP

*South
Cell

824 , 727

132

132

North
Cell

609 , 922

117

117

Aerator
Size

)

*All effluent samples were taken from this aerated cell. Photo
gra phs showing the south aerated lagoon in operation are shown in
Figure 3 and Figure 4.
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Figure 3 shows the agitation that is created in the spray zone
of the 40 HP surface turbine aerator.

Figure 4 points out the rela

tive placement of the control structure, sampling station, bank pro
tection apron, and wind protection fence located around the perimeter
of the south aerated lagoon.
Influent and Effluent Sampling .Procedure
Influent and effluent samples were collected at the control
structure by means of two automatic samplers, (Serco Automatic Samplers,
Sanford Products Corporation, Minneapolis, Minnesota) .

A schematic

drawing showing the sampling station installation situated over the
control structure is illustrated in Figure 5.

Location of the influ

ent and effluent sampling positions are represented in the figure by
points (I) and (E) respectively.

Each 24 hour sampling period began

at 8 a. m. of one day and extended to 8 a. m. of the following day.

The

automatic samplers were started at the beginning of each day and drew
a 200 to 300 ml sample every hour for the 24 hour interval.

After the

samples were removed at the end of each sampling period, the sampler
tubes were drained and clean bottles were placed in the sampler to pro
vide for the next 24-hour testing day .

Following collection, the

samples were· transported to the Sanitary Engineering Laboratory in the
Civil y:ngineering Department at South Dakota State University for com
positing and analysis.

The location of the sampling heads was selected

in order to obtain samples that would be representative of the influent
and effluent flows.

30

F i gure 3 .

An A era tor in Opera tion a t the S ou th
A era ted La goon Near Vo l ga , S ou th Da kota .

F i gure 4 .

A Vi ew o f the Sou th A era ted La g oon ,
Contr o l S truc ture , a nd Sampl ing
Sta ti on Near Vo l g a , Sou th Da k o ta .

31

Plan View

I n f l u ent
To A era tor

From E f fluent
We ir

Schema tic View
I

,,,- - T3

Tempera ture
Rec order

I
�

I

I

I

I
I

,_, Q
��'

I n fluent

E f f luent
To Aera tor

F i gure 5 .
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S tru c ture and Sampl ing .Sta t i on at Vo l ga , S ou th Da kota .

32
In order to keep biological activity i n the samples at a minimum,
fresh ice was placed i n the automatic samplers each day.

In this way

the 24 hour time lag between the first and last samples would have less
effect on the laboratory results obtained.
During this period of study all influent flows were d iverted into
the south aerated lagoon.

The 40 HP, 2 -speed aerator was run conti nu

ously at the high speed setti ng.
Temperature Measurement
Temperature measurements were made throughout the study using a
Lambrecht D istance Thermograph (Science Associates, Inc. , Princeton,
New Jersey) .

Thi s continuously recording temperature i nstrument deter

mined i nfluent, effluent and ambient air temperatures, ( points T 1 , T2

and T3, respecti vely, as shown i n F igure 5) .

The temperature recorder was checked daily for accuracy by com
paring its readi ngs with the temperatures obtai ned using a laboratory
thermometer as determined by the procedure outlined in Standard Methods
for the Exam ination of Water and Waste Water (27-433) .
Although the temperature of the effluent was measured in the con
trol structure, the temperature recorder was adjusted by the tempera
ture measured in the aerated lagoon.

Thi s procedure was followed in

order ,,to obtain a more representative temperature of the biological
environment.
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Flow Measurement
Flow measurements were determined by measuring the head in the
Parshall flume, (point Q, as shown in Figure 5).

The head was recorded

by connecting a float suspended in the flume t o a continuous f l oat
recorder (Stevens Type F - Model 61, Leupold and Stevens Instruments,
Inc . , Portland, Oregon) .

The float rec order was checked daily for

accuracy by comparing the head measured in the calibrated flume with
the head being indicated on the float recorder.

Care was also taken

t o observe that the flume remained clear of grit and debris, and that
the flume was not operating under submerged conditions .
Flow measurements were made only on the influent side of the con
trol structure as effluent flows were consider'ed t o be equal to t he
influent flows.

This assumption was made because the aerated cel l was

lined with plastic thus eliminat ing for the most part inf iltration
los ses, and evaporation l osses were considered negl igibl e as compared
with the total volume of the cell.
Laboratory Test Procedures

At the conclusion of each sampl ing period, 24 hourly influent and
24 hourly eff luent samples were coll ected and brought t o the laboratory
f or analysis.
�nitially, visual observations were recorded regarding the appear
anc e of the wastes contained in the various sample bott l es .

Determina

tion of hydrogen i on concentrati ons were made, using a Fisher Accumet
pH Meter, Model 210, on those samples that appeared t o be of unusual
color or consistency.
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The flow chart was analyzed for the time period in which the in
fluent and effluent samples were taken.

The recorded heads were con

verted to flows, by use of the appropriate Parshall flume table, for
each hour of the sampling period.

In this way, influent and effluent

samples could be composited according to flow, and the total flow and
theoretical detention time for that sampling period could be calcu
lated.
Once the influent and effluent samples were composited, pH deter
minations were made on both of these composited samples.

In addition,

the influent composite sample was mixed in a blender in order to obtain
more representative samples for the BOD, COD and suspended solids
tests.

This was necessary because of the substantial amount of large

floating butterfat and/or grease particles contained in the influent
sample.
In order to obtain some concept of the effect that sedimentation
in the stabilization pond would have on the aerated sewage, BOD and COD
determinations were made from centrifuged effluent samples.
The BOD and COD determinations were made according to Standard
Methods for the Examination of Water and Waste Water (27).

The dilu

tion water for the BOD determinations was seeded with the settled
effluent from the primary clarifier at the Brookings Sewage Treatment
Plant according to the method suggested by Sawyer and McCarty (28-401) .
This seeding was considered necessary because of the large range of
pH values found in the influent samples.

For the COD determinations,
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bla nks were run in duplicate and influent and effluent composite sam
ples were run in triplicate throughout the study .
Solids determinations were made ac cording to the procedure out
lined by Wyckoff ( 29) .

For this test, samples were filtered through

a glass fiber filter ( Reeve ' s Angel-Grade No. 934 A H) , 4 . 25 centi
meters in diameter.

The sample size varied from 10 to 25 mi lliliters ,

depending on the amount o f suspended matter contained in the sample.
All solids determinations were run in duplicate or triplicate.

"--.

RESULTS AND DISCUSSION
Characteristi c s of the Raw Wastes
The characteristics of the raw wastes were of a highly variable
nature a·s opposed to the relatively stable characteristics exhibited
by the aerated lag oon effluent .

The variations in the strength of the

influent waste as measured by the characteristics of COD , BOD and sus
pended solids , are shown in Figure 6.

It was noted that on those days

when it appeared that the dairy was not operating at full production ,
such as Sunday , September 6 and Sunday , September 13 as shown in
Figure 6 , the strength of the influent waste was reduced substantially .
This type of waste was characterized by the absence of floating grease ,
whitish c olor , and high flow rates as were c ommon for samples collected
when the dairy was operating at full pr oduction .

On days when it ap

peared that the dairy was discharging much butterfat and milk waste ,
such as September 7 , 8 , 14 , and 15 , a subsequent increase in the
strength of the influent waste was observed.
The values plotted in Figure 6 represent the strength of daily
c omposited samples .

However , individual hourly samples exhibited an

even greater degree of variability than was shown by the c omposited
samples.

In one instance , a COD of 86 mg/ 1 was obtained fr om an indi

vidual sample that was collected in the early morning when it appeared
by observation of the influent flow chart that the dairy had shut down .
In c ontrast to this case , another COD value of 14 , 300 mg/1 was obtained
from an individual sample that was very white in c olor and whose pH
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value was lower than average, indicating a possibility of clean-up
operations.
The average pounds of BOD per day arriving at the aerated lagoon
during the testing period was approximately 2, 370 pounds per day,
which is equivalent to a population of slightly under 14, 000 people.
This would indicate that the population equivalent of Volga is approxi
mately 14 times larger than its actual population.

It appears that

this substantial amount of organic loading may be attributed in most
part to the discharges made from the dairy plant.
Flows during the testing period also showed variations that seemed
to correspond with the amount of dairy activities.

For example, the

lowest flows occurred on Sundays, and the highest flows were generally
recorded on Mondays and Tuesdays.

The average influent flow at Volga

was 238, 000 gpd, and ranged from a low of 171, 000 gpd to a high of
285, 000 gpd.
As was shown in Figure 6, the values for the influent suspended
solids appear to follow the same trend as did the values for influent
BOD and COD.

The range of values for the influent suspended solids

varied from a low of 282 rng/1 to a high of 1710 mg/1 with an average
of 750 mg/1.
It has been found that for domestic sewage, a suspended solids
concentration of approximately 300 rng/1 could be considered average
with 50 per cent of these solids bei ng organic (30-104).

However,

because the raw sewage from Volga contained an average of 750 mg/1 of
suspended solids of which 87 per cent was volatile solids, it appeared
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that the waste contained a large amount of organic suspended matter.
This increase in suspended organic solids was generally attributed to
the large amount of butterfat that floated on the surface of the raw
sewage.
The pilot plant study made at Volga (14) determined that the pH
values of the raw waste ranged from approximately 4 to 12 during the
course of that study.

Because these values were well beyond the ac

cepted pH range of 6. 0 to 9 . 5 considered necessary to maintain optimum
biological conditions, it was felt that p H values of hourly and com
posite samples should be determined for this study.

From these

determinations, a frequency distribution of pH values for daily in
fluent and effluent composite samples were tabulated as shown in
Table 5.
TABLE 5 ·
Frequency Distribution of pH Values
for Daily Influent and Effluent
Composite Samples from Volga
pH

Influent

7. 0 - 7. 9
s . o - 8. 9

5

9. 0 - 9. 9

10. 0 - 10. 9
11. 0 - 11. 9

5

-3

1

Effluent
10

4

--

---

40
Hourly

the study.

pH values ranged from a low of 4. 3 to a high of 12. 4 during
In Figure 7 the pH values are plotted for hourly samples

collected at the influent of the aerated lagoon.

Also included in this

figure are values of BOD and COD concentrations for selected hourly
samples.
On September 12, represented by the dashed line in Figure 7, the
influent flow was reduced to almost half between the hours of 2 a.m.
and 3 a. m.

This reduced flow continued until the end of the sampling

period, and the influent was also clear during this four hour interval.
A COD determination made on one of these clear samples, as shown by
point 3 in Figure 7, indicated a COD of 86 mg/1.

It was also during

this period that the influent pH dropped from a value o f 11. 7 to a
relatively uniform 7 . 5 .

It was concluded from these data that the

dairy had engaged in cleanup operations during the early Sunday morn
ing hours and had then shut down for the rest of the day .
Generally throughout the course o f this study, the pH of the
individual raw sewage samples appeared to be close to neutral for a
large portion of the day.

However, on most days, the pH would raise

substantially during the early morning hours when it appeared that the
dairy was engaged in cleanup operations.

During this period of time,

pH values would vary between 10 and 12 for a period of 2 to 4 hours.
According to Ehlers and Steel, a typical operation for a dairy would
be to use strongly alkaline cleaners to help break down fats and to
remove milk film from surfaces.

These cleaners, such as trisodium

phosphate and sodium metasilicate, also would work as a good protein
dissolving agent when used at a pH of 10-.5 ( 3 0- 197 ) .

It was for this
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reason that the high p1 values were considered to be a result of clean
up operations taking place at the dairy during the early morning hours.
Another factor which pointed to cleanup operations as the source of
the high pH was that on days when the influent composite

p1

was higher

than average, the organic load arriving at- the aerated lagoon was also
usually higher.
These high pH values did not seem to substantially reduce the ef
ficiency of the aerated lagoon.

It appeared that the dilution provided

by the domestic sewage helped to lower the pf-I to a more reasonable
level when considered over a time period of one day.

The excellent

mixing capabilities and the natural buffering capacity of the aerated
lagoon also seemed to decrease the pI-i even closer to a neutral level,
(pH values of the daily effluent composite samples ranged from 7. 6 to
8. 2 during the course of this study) .
Figure 8 is a photograph of all 24 hourly influent samples, col
lected on September 7, 1970, from which the pH values plotted in
Figure 7 were determined.

The BOD and COD of the composite sample,

obtained from those samples shown in Figure 8 were 1 640 mg/1 and
2670 mg/1, respectively.

In this figure, bottle no. 1 represents the

sample taken at 8 a. m. , September 7, and bottle no. 24 is the sample
taken at 7 a. m. on the morning of September 8.
Butterfat can be seen floating on the surface of sample bottles
2 through 14.

Sample bottles 16 through 24 varied from a pale white

to very white in color with the BOD of bottles 16 and 24 being 9,180
mg/1 and 2,000 mg/1, respectively.
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A summary of the characteristics o f the i nfluent composite sam
ples a na lyzed during this study is shown in Ta ble 6 .
TABLE 6

A Summary of the Cha racteristics
of the Influent Composite
Samples Collected a t Volga

Minimum

Average

Maximum

BOD, mg/1

375

1, 1 35

2, 700

COD, mg/1

660

1, 970

4, 550

280

750

1, 712

171, 000

238, 000

286, 000

7 .2

*8 . 7

11. 7

Characteristics

s.s. ,

mg/1

Flow, gpd
pH

*Arithmetic mean of pH values.

Analysis o f Removal Eff iciencies
The BOD remova l efficiency values resulting from the treatment
provided by the a erated lagoon, averaged 7 6 per cent a nd ra nged from
a low value o f 46 per cent to a high va lue of 92 per cent .

For the

computation o f these remova l efficiencies, BOD concentra ti ons were
converted to pounds per day, and the effluent discharges were ca lcu
lated using a lag time in days equal to the theoretica l detention
time .
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A summary of the characteristics of the influent composite sam
p les ana lyzed during this study is shown in Table 6.
TABLE 6
A Summary of the Characteristics
of the Influent Composi te
Samples Col lected at Volga

Minimum

Average

Maximum

BOD, mg/1

375

1 , 135

2,700

COD, mg/1

660

1,970

4, 550

280

750

1,712

171,000

238,000

286, 000

7. 2

*8. 7

11 . 7

Characteristics

s.s. ,

mg/1

Flow, g pd
pH

*Arithmetic mean o f pH values .

A nalysis of Removal Efficiencies
The BOD remova l efficiency values resu l ting from the treatment
provided by the aerated l agoon, averaged 76 per cent and ranged from
a l ow value of 46 per cent to a high value of 92 per cent .

For the

computation of these removal efficiencies, BOD concentrations were
converted to pounds per day, and the ef fluent discharges were calcu
lated using a lag time in days equal to the theoretical detenti on
time.
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It appeared that the fluctuations in BOD removal efficiencies
could be explained, in part, by the large daily change in the strength
of the raw sewage as contrasted with the relatively stable character of
the lagoon effluent.

The daily strengths of composited influent and

ef fluent samples as measured by pounds of BOD per day, are shown in
Figure 9.

It may be seen from this figure that in order for the ef

fluent BOD discharge to remain relatively stable during periods of
high organic loading, the BOD removal efficiency of the a erated cell
would have to increase substantially.

It was anticipated, as described

by Sawyer and McCarty (28-396), that the efficiency of BOD removal
would increase with an increase in organic loading.

It was their

opinion that an increase in organic loading would bring about an in
crease in biological activity due to the abundance of food in the
system.

Conversely, a decrease in organic loading would decrease the

biological activity, thus creating a subsequent reduction in the BOD
removal efficiency.

Figure 10 which relates organic loading, expressed

as pounds of influent BOD per day, to per cent of BOD removal efficien
cy

a ppears to concur with their findings.
An attempt was made to establish some correlation between either

detention time or lagoon temperature with the BOD removal efficiency of
the aerated lagoon.

However, during the course of this study neither

the temperature nor the detention time appeared to have as noticeable
an effect on BOD removal efficiencies as did organic loading.

A tabu

lation of data concerning lagoon temperature, theoretical detention
time and remova l efficiencies is shown in the appendix.
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It seemed reasonable, however, that detention time would not have
an appreciable effect on BOD removal efficiency once the detention time
reaches two days or more .

It has been found that for aeration of dairy

wastes, 32 hours of aeration would result in a BOD reduction of 98. 6
per cent (20 ) , and 36 hours of aeration would generally bring about
complete oxidation of the milk wastes (21).

Considering that the

strength of the raw sewage from Volga was primarily due to dairy wastes,
and that the average detention time during the testi ng period was 3 . 46
days, it would seem that small changes in detention t imes would not
have an appreciable effect on BOD removal efficiencies .
Effects on removal efficiencies due to changes i n temperature
would also appear to be minimal because of the relatively stable temper
atures and the highly variable influent organic loadings that occurred
during this study.
The COD removal efficiency values averaged 67 per cent and ranged
from a low value of 25 per cent to a high value of 89 per cent.

These

removal efficiencies, as with the BOD removal efficiencies, were calcu
l ated using a lag t ime in days equal to the theoretical detention time
for determining effluent discharges.
The fluctuations in removal efficiencies for COD appear to be di
rectly related to the same factors that influenced the amount of BOD
removal.

However, one difference may be noted in that the mean COD

removal efficiency was about 10 per cent less than the mean BOD removal
efficiency.

This might indicate the presence of biologically resistant
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microbial ma sses in the ef fluent discharge which were not measured in
the BOD test but were chemically oxidi zable and were therefore mea sured
by the COD test.
The suspended solids concentra tions of the da ily influent and
effluent composite samples averaged approxima tely 750 mg/1 and 480 mg/1,
respectively .

Removal efficiencies, considering deten tion time, aver

aged slightly over 24 per cent throughout the testing period wi th
removal va lues ra nging from a low of minus 26. 6 per cent to a high of
75 per cent.

However , beca use the lagoon seemed to be a dequa tely

mixed , thus maintaining most of the suspended solids in suspension
during a era tion , these low remova l eff iciencies did not seem unreason
abl e.
Beca use of the substantial amount of suspended solids contained
in the effluent , an a ttempt wa s made to determine wha t portion of the
oxygen demand contained in the effluent could be a ttr ibuted to suspended
solids.

Thi s wa s done by mea suring the BOD a nd COD concentra tions of

the effluent and the centrifuged effluent samples.

Ana lysis of these

test results revealed tha t a decrea se in BOD a nd COD concentra tions
of 91 per cent a nd 90 per cent , respectively, occurred.

This informa 

tion would seem to indica te tha t sedimenta tion occurring i n the
sta biliza t ion pond following the a era ted lagoons a t Volga would de
crea se the strength of the city ' s trea ted sewa ge to a large extent.
A summary of the BOD , COD and suspended solids removal efficien
cies appears in Ta ble 7 .
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TABLE 7
Summary of the Removal E fficiencies Obtained
from the Analysis o f the Aerated Lagoon at
Volga, South Dakota, for the Period from
August 31 to September 16, 1970
Per cent Removal
Characteristic

Minimum

Mean

Maximum

BOD

48 . 0

76. 4

92. 0

COD

25. 1

6 6. 9

88. 6

-26. 6

24. 1

75. 0

s.s.

(%)

(%)

(%)

Analysis of the Reaction Rate Coefficients
The reaction rate coef ficient (K T) gives an indication as to the

rate at which the biochemical oxygen demand o f a waste will be satis
fied by a treatment proce s s.

The reaction rate is useful, therefore,

in determining the required detention time needed to stabilize the
waste to a satis factory BOD value.

Unfortunately, very little infor -

mation concerning this coe fficient for an aerated lagoon treating
combined domestic and dairy wastes was available prior to the design
of the aerated lagoons at Volga.

For this reason the pilot plant

study made at Volga by Vanden Hoek was undertaken.

Results from the

pilot plant study r eported a reaction rate (K 20 ) o f 1 . 034 as compared
to the (K 20 ) value of 1. 495 obtained from this research conducted on

the full scale operation.
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Bennett reported that a large variation in reaction rates do occur.
However, reaction rates of 0.3 to 1. 0 for domestic sewage, and as high
as 3. 0 for some types of industrial wastes, appear to be representative
values (13 ) .

Therefore, the reaction rates obtained from the pilot

plant and full scale studies seem to be reasonable for the type waste
being treated.
The reaction rate coefficients for this study were calculated by
using Thimsen's equation (5-9) .

A wide range of reaction rate coef

fic ients were found due to the highly variable organic loading, deten
tion time and lagoon temperatures that occurred daily during the testing
period.

However, of these three variables, only the rate of organic

loading seemed to have an influential effect on the reaction rate
coefficient values.

The relationship between organic loadings, ex

pressed as pounds of BOD per day per 1000 cubic feet of lagoon volume,
and the reaction rate coefficients are shown in Figure 11.
It appeared that the increase in reaction rates as associated
with the higher rates of organic loading, could be attributed to the
increase in biological activity as described previously by Sawyer and
McCarty (28-396) .
Comparison of Aerated Lagoon Performance With the Pilot Plant Study
From the data obtained during the Volga pilot plant study , Vanden
Hoek developed a relationship among detention time, lagoon temperature
and BOD removal efficiency.

Applying the average values of detention

time and lagoon temperature determined from the full scale operation to
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this relationship a predicted BOD removal e fficiency of 76 . 6 per cent
was obtained.

This value compared very closely with the average BOD

removal e f ficiency of 76 . 3 per cent calculated from actual aerated
lagoon data .
However, the reaction rate coe fficients (K 20 ), of 1 . 034 for the
pilot plant study and 1 - 495 for the full scale study did not compare
as well .

This lac k of correlation could probably be accounted for by

considering the large fluctuations in organic loading and temperatures
that were measured at the lagoon, and the dif ference in the strength
o f the raw sewage and average detention time that occurred between the
two studies .
In an attempt to eliminate the e f fect of the large temperature
fluctuations on the reaction rate coefficient values, a limited samp
ling period between August 31 and September 7 was c onsidered.

Data

from this time period was used because for that 8 - day period, the
average lagoon temperature only varied 2 . 9

0

c.

During this sampling

period, the reaction rate values (K 20) o f 1. 034 and 1 . 069 for the
pilot plant and full scale operation compared quite favorable.

The appreciable change in the average influent BOD concentrations
(406 mg/1 - pilot plant, 1135 rng/1 - full scale) and detention times
(2. 1 days - pilot plant, 3. 5 days - full scale) that oc curred between
the two studie s may have also had a noticeable e ffect on BOD removal
e f fic iencies and rea ction rate coe fficient values .
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Relationship Between BOD and COD
It is often advantageous in mak ing an industrial or municipal
waste survey to establ ish a relationship between the characteristics
of BOD and COD .

If a close relationship can be established between

these two characteristics, a three hour COD test may be u sed to esti
mate the 5-day BOD of a waste being analyzed.

The COD test is also

helpful in indicating toxic conditions and the presence of biologi
cally resistant organic matter contained in a waste, when used in
conjunction with the BOD test .
An excellent correlation (correlation coefficient = 0 . 974) was
found to exist between the influent BOD and COD concentrations obtained
at Volga .

The relationships for the daily influent and effluent BOD

COD ratios are shown in F igures 12 and 13, respectively .

The equa

tion for the line of best fit, the mean, the correlation coefficient,
and the standard deviation of the data presented are also included in
these figures.
As is indicated in F igures 12 and 13, the average effluent
BOD-COD ratio of 0. 399 was smaller than that of the average infl uent
BOD-COD ratio of 0. 584 .

Since the aeration process primarily oxidizes

biodegradable organics, the reduction in the BOD-COD ratio seemed
reasonable.
The amount of organic materia l oxidized in a treatment system
depends on such factors as temperature, detention time, and organic
loading.

Because these characteristics all varied throughout the
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period of testing, it appeared that these factors could have accounted
for the lower correlation coefficient determined for the effluent
. BOD-COD ratio.
An excellent correlation was found to exist between the BOD and
COD concentrations of the raw and treated sewage, therefore it appears
that the COD test can be used as a close approximation to determine
the organic strength of Volga ' s wastes.
Mixing in the Aerated Lagoon
A desirable feature of an aerated lagoon is to have an aerator
which is capable of generating a turbulence level high enough to main
tain solids in ·suspension throughout the aerated cell. · If adequate
mixing is not provided

1n

·the-

cefi ;

much of the organic' material will

settle out and therefore undergo anaerobic decomposition on the bottom
of the aerated basin.

Busch indicated that a measurement of suspended

solids concentrations throughout the react9r would give a better indi
cation as to the mixing being obtained in the lagoon as compared to
measuring liquid velocities (12) .

For this reason samples were taken

at vertical depths of 2, 5, and 8 feet at 5 foot horizontal intervals ,
starting at the center of the lagoon and continuing outvvard along the
walkway to the perimeter of the aerated cell.

Accordingly , the con

centration of suspended solids in each sample was determined , and
from these data Figure 14 was prepared .
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As Figure 14 indicates, the amount of suspended solids distributed
This distribution of suspended

throughout the basin was quite uniform.

solids appears t o be representative of a lagoon that could be con
�idered completely mixed.
McKinney reported from his study that 0. 25 HP/1000 cubic feet
would provide complete mixing in a lagoon being aerated by a turbine
aerator (4-41) .

The south aerated cell at Volga on which this study

was made had approximately 0. 36 HP/1000 cubic feet of cel l .

This

information , in addition to the suspended solids data, indicated that
the aerated cel l was completely mixed .
The data obtained on suspended solids concentrations and HP per
unit vol ume however, does not take into consideration the suspension
of such non-putrescible material s as grit, sand and gravel.

From

daily observation of the amount of _this �y?e material which passed
through �he c_o 0 _�� ? l structure, it was ass.. urned that a ·buil dup of. non-�

.

... . ......,,
;,

-·...

.. .:

putrescible material may be occurring near the discharge point of the
aerator infl uent pipe .

Generalizing, it was concl uded that the heavier

non-putrescible material s were being deposited on the bottom of the
lagoon, whereas most organic matter was being held in suspension.
Dissolved Oxygen in the Aerated Lagoon .· •-Eckenfel der has indicated that the rate of BOD removal in an
aerated cell wil l not be dependent upon the oxygen concentration in
the system as l ong as the minimum DO concentration is greater than
0 . 2 to 0. 5 rng/1 for average l oading (18-45 ) .

In order t o sustain

60
these minimum DO values during periods of peak organic loading, Thimsen
recommended maintaining a min imum DO concentration of 1. 5 mg/1 through
out the aerated cell ( 5-20) .
In order to determine the distribution of dissolved oxygen
throughout the aerated lagoon, DO concentrations were measured on four
different days.

On each of these sampling days, a large number of DO

determination were made in an attempt to obtain a representative cross
section of the DO distribution.

Table 8 summarizes the data obtained

from these studies .
TABLE 8
Summary of DO Concentrations in the South
Aerated Lagoon at Volga, South Dakota

Da t"e

Lagoon
Temp0rature
( C)

Minimum

Maximum

(mg/ 1 )

(mg/ 1)

00

9/23/70

18

4. 0

5. 0

9/25/70

14

6. 1

6. 3

9/28/70

16

3. 7

4. 4

9/30 /70

17

3. 6

3. 9
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As Ta ble 8 indicates , the dif ference between the maximum and
minimum DO concentrations found in the a erated cell on a ny one day was
never greater than 1 mg/1 .

The minimum DO concentration found to exist

in the lagoon during a ll four sampling periods wa s 3. 6 mg/1 , which
occurred when the lagoon temperature was 11°

c.

This va lue is well

a bove the minimum DO concentration of 0 . 2 mg/1 considered necessary to
mainta in a dequa te biological activity in a liquid waste .

The maximum

va lue measured for 00 concentrations wa s 6 . 3 mg/1 a nd wa s determined·
when the lagoon temperature was 14 °

c.

From these data it seemed

l ikely that during this study the a era tor was providing su fficient
a mounts of oxygen to supply the biochemica l oxygen dema nds of the
system.
Estimated Industrial Production h£§.§.
In order to establish a n economic justifica tion f or a n industry
to reclaim more o f its raw products a nd to reduce the a mount of waste
discharged to the city sewer , an estimated industria l production loss
due to excess wasting of ma terials during processing should be ca lcu 
lated .
The City of Volga , according to preliminary 1970 census figures ,
had a population of 1030 people .

Steel has sta ted tha t for a strictly

domestic sewa ge collected during dry weather flow, the 5-day per ca pita
oxygen demand would probably be between 0 . 12 a nd 0 . 17 pounds per day
( 31-459) .

Because Volga has a consolidated public grade a nd high

school a nd a parochia l school , the higher value of 0. 17 pounds BOD
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per capita per day was used.

Multiplying this value by the 1 970 popu

lation o f Volga resul ted in a theoretical oxygen demand for the city
o f 1 75 pounds o f BOD per day.

However, during the 1 6 days of continu

ous testing made for this study, the average l oading rate of the Volga
Because the Land 0 '

aerated lagoon was 2, 366 pounds o f BOD per day.

Lakes Creamery is the only maj or industry in Vol ga contributing sub
stantial amounts o f organic wastes to the sewer system, the difference
in organic loading ( 2, 191 pounds BOD per day) between average domestic
sewage and Volga ' s combined domestic and industrial sewage, was con
sidered to be contributed by the creamery.

If the 0 . 17 pounds BOD

per capita per day conversion is applied to 2, 191 pounds BOD load,
the creamery would have an estimated population equivalent of approxi
mately 12, 900 people.
It has a l so been computed that 1 00 pounds o f raw milk wil l exert
a 5-day BOD of approximately 10. 2 pounds ( 7 -326) .

This would indicate

that the average BOD load of 2, 190 pounds per day wou l d be equivalent
to approximately 21, 400 pounds of whol e milk.

This l oss may represent

on the average, nearly 7 per cent of the total raw milk being processed
daily at the plant.

Considering that the dairy must purchase on the

average day almost $14, 000 of raw milk ( 300, 000 pounds raw milk per
day at $4. 75 per 100 pounds) , a 7 per cent waste of raw product might
represent a monetary loss of about $980 per day.
However, it should be recognized that all milk plant losses cannot
be eliminated.

Nevertheless, measures to prevent such losses due to

residual waste, wil lful waste, spillage and leakage can be expected to
substantially reduce product losses.
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SUMMARY AND CONCLUSIONS
During the period of study fr·om August 31 to September 16, 1970,
of the south aerated lagoon located at Volga, South Dakota , the average
operating conditions included :

temperature - 70 ° F , organic loading -

21. 5 lbs BOD per day per 1000 ft3 , and detention time -

3 . 46

days.

Operating under these conditions, the following results were obtained :
1.

BOD removal o f 76 per cent.

2.

COD removal o f 67 per cent .

3.

Suspended solids removal o f 24 per cent.

4.

Reaction rate coef±icient ( K20 ) of 1 . 495.

The following conclusions were drawn from the study of the aerated
lagoon treating combined dairy and domestic wastes at Volga , South
Dakota :
1.

The aerated lagoon-stabilization pond treat
ment process at Volga appea red to be adequate
to satisfy the South Dakota Committee on Water
Pollution sewage effluent standards during
summer operation .

2.

Organic loading seemed to have a greater e f fect
on BOD removal efficiency than did detention
· time or lagoon temperature.

3.

The aerated ·lagoon studied showed an excellent
capability of being able to handle highly
variable organic loading rates and pH changes
without a serious adverse e f fect on the quality
o f the aerated lagoon effluent .
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4.

With a power to liquid volume ratio . o f 0. 3 6
HP/1000 ft3 , the aerated lagoon appeared to
be of the completely mixed type, providing a
uniform distribution of DO and suspended
solids throughout the cel l .

5.

A n excellent correlation was found t o exist
between BOD and COD concentrations for both
the raw and treated wastes.

6.

Data obtained from the pil ot plant study did
correlate wel l with operational data obtained
from the full scale operation.

7.

It appeared that an unusually large amount o f
organic wastes were being discharged by the
dairy to the treatment facilities at Volga .
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APPENDIX I
Test Resu l t s on I n f lu ent a nd E f f lu e n t Compo s ited Samp l e s
Obta ined During the P e r i o d o f S tudy from · Augu s t 3 1
t o Se ptember 1 6 , 1970, From the Sou th A era ted
La goon at Vol ga , Sou th Dak o ta
BOD

COD

Da te

Inf .
mg/1

Eff .
mg/1

8/3 1

622

213

1723

546

9/1

1018

209

156 1

9/2

375

355

9/3

910

9/4

Inf .
mg/1

Eff .
mg/1

Inf .

S.S.
mg/1

v. s . s .

Eff .

v. s . s .

pH

Inf .

Eff .

---

---

-----

87

7.3

7.7

429

74

7 .9

7.7

95

398

82

7 .2

7.8

631

83

414

71

8. 7

7.7

326

515

94

276

66

7.2

7.8

2673

442

735

89

413

66

7.5

7 .7

268

4550

638

1712

92

612

73

8. 4

7.6

1004

220

1950

563

737

85

510

70

8. 2

8.0

9/1 0

552

202

882

480

480

83

862

84

8. 7

7.8

9/1 1

915

222

1500

532

733

68

440

68

10 . 4

7. 8

9/12

975

1 73

· 1 612

550

742

75

435

62

10 . 7

8. 0

9/1 3

577

1 78

793

402

282

84

420

63

8. 0

8. 2

9/1 4

1 375

203

2814

530

1 333

87

440

65

10 . 2

8. 1

9/1 5

2400

303

3940

629

1 173

94

555

77

11.7

7.9

%

S.S.
rng/1

605

82

470

71

558

562

94

492

65

656

750

355

94

455

235

1829

554

7 88

95

1 320

1 55

2240

435

610

9/5

995

1 83

1 605

461

9/6

795

101

1 177

9/7

1 640

176

9/8

2696

9/9

%

I
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- APPENDIX II
A Tabulation of the Characteristics Related to the
South Aerated Lagoon for the Period- o f Study
From August 3 1 to September 16 , 1970 ,
at Volga , South Dakota
Detention
Time

Flow

Days

8/31

Da te

Temperature

Organic Loading

GPD

Air
oc

Lagoon
oc

lbs BOD
per day

lbs BOD per
1000 ft3 per day

2. 96

278 , 3 00

23. 5

20 . 8

1444

13 . 1

9/ 1

3 . 18

259 , 200

24. 0

21 . 7

2200

20 . 0

9/2 .

3 . 25

253 , 750

25. 0

23 . 1

794

7.2

9/3

4. 3 9

187 , 900

18 . 0

22 . 3

1426

12 . 9

9/4

3 . 49

23 6 , 400

12. 0

20 . 9

260 3

23 . 6

9/5

3 . 05

270 , 400

22. 0

21 . 9

2244

20 . 4

9/6

4. 57

180 , 300

26. 0

23 . 7

1196

10. 8

9/7

3.

ll

265 , 000

14. 0

21 . 0

3 624

32 . 9

9/8

3 . 20

257 , 000

17. 0

19 . 8

5778

52. 4

9/9

3.

58

2 30 , 400

13. 0

18 . 6

193 0

17 . 5

9/10

3. 2 3

255 , 000

11. 0

16 . 2

ll74

10 . 7

9/11

3 . 30

249 , 600

13 . 0

16 . 1

1905

17 . 3

9/1 2

3 . 06

269 , 200

15 . 5

2189

19 . 9

9/1 3

4. 81

171 , 250

7. 0

13 . 3

824

7.5

9/14

3.

37

245 , 000

5.5

12 . 3

2809

25 . 5

9/15

2. 88

285 , 800

5.0

12 . 7

5722

51. 9

s.o
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APPENDIX I I I
Minimum , Maximum , and Average Values for Selected
Characteristics Obtained During the Period of
Study from August 31 to September 16 , 1970 ,
from the South Aerated Lagoon at
Volga , South Dakota

Characteristic

Minimum

Maximum

Mean

I nfluent BOD , mg/1
Effluent BOD , mg/1
a BOD Removal , %
BOD Removal , %

375
.10 1
48
0 .1

2696
355
92 . 0
90 . 1

1135
212
76 . 4
74 . 8

641
59
12 . 3
21 . 6

I nfluent COD , mg/1
Effluent COD , mg/1
a COD Removal , %
COD Remova 1 , %

656
326
25 . 1
-1 . 4

4550
750
88 . 6
86 . 0

1969
525
67 . 0
66 . 0

10 79
10 1
18 . 4
21 . 0

I nfluent S . S . , mg/1
Effluent S . S . , mg/1
a s . s . Removal , %
S . S . Removal , % ·

282
276
-26 . 6
-79 . 6

1712
862
75 . 0
67 . 0

749
476
24 . l
23 . 7

369
126
31 . 0
41 . 1

0 . 25
0 .0 1

4 . 22
3 . 99

1 . 50
1. 55

1.09
1 .0 8

794
254

5778
751

2366
437

1519
152

1.2
7.6

11 . 7
8.2

8.7
7.8

1 . 45
0 . 17

2 . 88

4 . 81

3. 46

0 . 59

12 . 3

23 . 7

18-7

3.8

bReaction Rate ,
K20
Reaction Rate , K20

lbs I nfl uent BOD per day
lbs Effluent BOD per day

c i nfluent pH
c Effl uent pH

Detention Time , days
Lagoon Temperatu re ,

0

c

Standard
Deviatio n

aLag time was taken into consideration when calculating these removal
efficiencies . Mean va lues are the arithmetic average of the daily
removal efficienc ies shown in Appendix IV .
bLagoon temperatures were averaged over the detention time period ,
and lag time was taken into consideration .
crhe means and standard deviations for the pH values were calculated
arithmetically .
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APPENDIX IV
A Summa ry o f Da ily Remova l E f f i c i en c i e s a nd Rea c t i on Ra te
Coe ffic i ents Obta i n ed Dur i n g the P er i od of Study
from Augu st 3 1 to September 16 , 1970 ,
from the S ou th Aera ted La goon
at Vol ga , S ou th Da kota

Da te

Rea c ti on Ra te
C o e f fic i ent

BOD Removal
Effi c i ency

*K

-lE%

I

K

l

%

COD Removal
Eff i c i en cy
�

I

%

S . S . Remova l
Ef f i c i ency
�

I

%

8/3 1

0 . 860

0 . 614

74 . 5

65 . 7

78. 3

68. 3

47 . 9

22 . 3

9/ 1

1 . 694

1 . 081

86 . 1

79 . 5

74 . 6

64 . 2

35 . 4

12 . 5

9/2

0 . 245

0 . 014

48 . 0

00 . 1

25 . 1

-1 . 4

-24 . 3

-28. 2

9/3

0 . 528

0 . 557

12 . 1

74 . 2

65 . 9

69 . 7

26 . 0

45 . 5

9/4

1 . 429

2 . 022

85 . 1

88. 3

77 . 9

80 . 6

24 . 2

34 . 7

9/ 5

0 . 853

1 . 274

74 . 4

81 . 6

62 . 2

71.3

7.8

34 . 4

9/6

0 . 367

1 . 162

61 - 4

87 . 3

37 . 4

72 . 3

-26 . 6

46 . 4

9/7

2 . 578

2 - 496

9/8

88- 1

89 . 3

82 . 7

83 . 5

- 12 . 9

43 . 8

4 . 219

2 . 870

9/9

92 . 0

90 . 1

88. 6

86 . 0

75 . 0

64 . 2

2 . 451

1 . 097

86 . 8

9/ 10

78. 1

84 . 7

71. 1

57 . 6

30 . 8

1 . 555

0 . 699

78- 4

63 . 4

69 - 4

45 . 6

-79 . 6

_9/l l

41 . 2

1 - 617

1 - 240

78 . 2

75 . 7

65 . 3

64 . 5

40 . 0

9/ 12

41 . 0

1 . 043

2 . 010

67 . 0

82 . 3

58. 6

65 . 9

20 . 6

41 . 4

9/ 13

0 . 743

9/ 14

2 - 926

9/ 15

3 - 993

�-

69 . 2

49 . 3

-48 - 9

85 . 2

81 . 2

67 . 0

87 . 4

84 . 0

52 . 7

*F or the s e c olumn s , the effluent di scharges were ca l cula ted u s ing
a l a g t ime in da ys equ a l to the theor etical de ten tion time .

